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A combinação de diferentes oleogelators para a formação de oleogéis apresenta um potencial 
ainda pouco explorado, uma vez que pares efetivos geralmente são encontrados 
empiricamente. O objetivo deste trabalho foi avaliar a estruturação de óleo de linhaça (FXO) 
em duas temperaturas de armazenamento diferentes (5 e 25 °C), explorando-se a combinação 
entre cera de berry (BEW) ou cera de girassol hidrolisada (SHW), com baixa e alta 
temperatura de fusão, respectivamente, e monoestearato de glicerol (GMS). As propriedades 
térmicas e mecânicas, a microestrutura e a estabilidade dos oleogéis foram investigadas para 
se compreender o papel desempenhado pelas diferentes combinações de ceras-monoestearato 
de glicerol. Géis autossustentáveis e translúcidos foram obtidos a partir da dispersão de BEW 
em FXO. No entanto, observou-se uma interação negativa decorrente da adição de GMS aos 
oleogéis de BEW, o que foi confirmado pela redução das propriedades viscoelásticas. Além 
disso, foram detectadas alterações na rede cristalina através de microscopia de luz polarizada 
(PLM), que foram correlacionadas com a diminuição da capacidade de retenção de óleo 
(OBC). Este resultado indicou que o GMS impediu a organização completa do BEW nas 
cadeias poli-insaturadas do FXO. Por outro lado, uma interação positiva entre GMS e SHW 
foi encontrada, uma vez que ambos componentes por si só não foram capazes de estruturar o 
óleo a 25 °C. Curiosamente, a formação de gel foi promovida mesmo com uma pequena 
adição de GMS, embora uma proporção ideal de 1:1 (GMS50:50SHW) tenha sido observada. 
Neste caso, oleogéis com propriedades elásticas notáveis, decorrentes da formação de uma 
rede de cristalina densa e coesa com alta capacidade de retenção de óleo, foram formados 
tanto a 5 como a 25 °C. Tal interação positiva pode estar associada ao fato de que as porções 
polares de GMS interagiram com as regiões polares de álcoois graxos presentes em SHW, 
uma vez que esses álcoois estão em menor quantidade em BEW, aumentando a afinidade 
entre os gelators. A análise de estabilidade oxidativa mostrou que, apesar do aquecimento 
durante a preparação do oleogel, todos os géis apresentaram comportamento semelhante ao do 
óleo de linhaça não estruturado (~ 12,00 meqO2/kg), mesmo após 30 dias de armazenamento. 
Dessa forma, sistemas semi-sólidos com alegação nutricional e diferentes texturas foram 
desenvolvidos a partir da mistura de ceras com diferentes pontos de fusão e um oleogelator 
derivado de ácido graxo, abrindo a oportunidade de personalizar as propriedades dos géis 
abrangendo uma ampla gama de tecno-funcionalidades. 
 





The combination of different oleogelators aiming the formation of oleogels has an untapped 
potential, since effective pairs are usually found by serendipity. The objective of this work 
was to evaluate the structure of flaxseed oil (FXO) by evaluating the combination of berry 
wax (BEW) or hydrolyzed sunflower wax (SHW), with low and high melting temperature, 
respectively, and glycerol monostearate (GMS) at two different storage temperatures (5 and 
25 °C). The thermal and mechanical properties, microstructure and stability of oleogels were 
investigated to understand the role played by different wax-glycerol monostearate 
combinations. Self-standing and translucent gels were obtained from BEW dispersed in FXO. 
However, a negative interaction was observed with GMS addition in BEW-based oleogels, 
which was confirmed by the reduction of the viscoelastic properties. In addition, changes in a 
crystal network were disclosed by polarized light microscopy (PLM) and correlated to the 
decrease of oil binding capacity (OBC). This result indicated that the GMS prevented the 
complete organization of BEW in polyunsaturated chains of FXO. Conversely, a positive 
interaction was found for GMS and SHW, since both components alone were not able to 
impart structure in FXO at 25 °C. Interestingly, gel formation was promoted even with a 
small addition of GMS, although an ideal ratio of 1:1 (GMS50:50SHW) was observed. In this 
case, oleogels with remarkable elastic properties related with the formation of a dense and 
cohesive crystalline network, and with high ability to entrap liquid oil, were formed at both 5 
and 25 °C. Such a positive interaction may be associated with the fact that the polar portions 
of GMS interacted with the polar regions of fatty alcohols present in SHW, since these 
alcohols are in lower amount in BEW, increasing the affinity between gelators. Oxidative 
stability analysis showed that despite heating exposure during oleogel preparation, all gels 
resembled to the behavior of fresh liquid oil (~12.00 meqO2/kg) even after 30 days of storage. 
In this way, semi-solid systems with nutritional claim and different textures were developed 
from the mixture of waxes with different melting points and a fatty acid derivative 
oleogelator, opening the opportunity to customize the properties of the gels covering a wide 
range of techno-functionalities. 
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1 INTRODUÇÃO GERAL 
A relação saúde-dieta é um tema cada vez mais discutido no cotidiano de diversos 
consumidores. Em tal conjuntura, doenças cardiovasculares estão associadas ao alto nível de 
colesterol total no sangue e de colesterol nas lipoproteínas de baixa densidade (LDL), mas, 
em contrapartida, um alto nível de colesterol nas lipoproteínas de alta densidade (HDL) 
diminui o risco de incidência destas doenças. Nesse contexto, pesquisas revelam que os ácidos 
graxos saturados aumentam os níveis de colesterol total e LDL no sangue, enquanto que os 
ácidos graxos trans não apenas aumentam o colesterol LDL, mas também diminuem o 
colesterol HDL (LI; SUN, 2019; ZOCK, 2006). Essas gorduras também estão associadas no 
desenvolvimento de câncer, diabetes (ISLAM et al., 2019), obesidade (KOOCHAKPOUR et 
al., 2019) e depressão (LI et al., 2020; LI; TONG; LI, 2020). Com base nessa perspectiva, 
pesquisadores vêm estudando novos meios de substituir as gorduras trans e diminuir o teor de 
gorduras saturadas dos produtos alimentícios industriais (MOGHTADAEI; 
SOLTANIZADEH; GOLI, 2018). Além disso, recentemente, as gorduras interesterificadas – 
até então sendo propostas como alternativa tecnológica pertinente e menos nocivas à saude – 
têm também sido associadas à indução de efeitos deletérios no tecido adiposo e no fígado em 
camundongos (LAVRADOR et al., 2019). 
O grande impasse dentro da esfera tecno-funcional é o papel fundamental destas 
gorduras sólidas em alimentos. A plasticidade das gorduras confere propriedades mecânicas e 
organolépticas singulares, as quais estão relacionadas à organização estrutural da rede de 
cristais de gordura. Em produtos de panificação, as gorduras sólidas proporcionam 
lubrificação (textura macia), aeração (volume e estrutura celular uniforme), retenção da 
maciez a longo prazo (prazo de validade), emulsiona e retém água (evita a secagem e retém a 
umidade durante o armazenamento) (GHOTRA; DYAL; NARINE, 2002). Em margarinas e 
spreads desempenha três papéis principais: fornece estrutura (firmeza, textura e capacidade de 
expansão), contribui para a estabilidade do produto (estabilização por captação de gotas de 
água dispersas) e influencia as propriedades sensoriais (efeito de fusão na boca, 
desestabilização da emulsão e liberação de sabor). No caso de produtos cárneos, as gorduras 
sólidas estão relacionadas à ligação de água e gordura (para proporcionar suculência e evitar a 
perda de gordura durante o cozimento), transferência de calor e oxidação lipídica (evitar 
ranço) (PATEL; DEWETTINCK, 2016). A hierarquia estrutural da rede de cristais de gordura 
surge das moléculas de triacilglicerol e nano-plaquetas na nano escala, que se organizam em 
aglomerados formando a rede cristalina (microestrutura) e, finalmente, fornecendo 
propriedades reológicas e textura na macro escala. A manipulação dessas propriedades 
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macroscópicas que otimizam a funcionalidade pode ser guiada pela engenharia de 
ingredientes (CO; MARANGONI, 2018). 
Visando a busca por produtos que se assemelham às gorduras convencionais do 
ponto de vista tecnológico, estratégias de estruturação de óleos vegetais podem promover a 
mudança do estado físico do óleo comestível com o auxílio de agentes estruturantes sem 
alterar sua composição química. Ou seja, estes produtos emergem como opções mais 
saudáveis, porém mantendo as propriedades tecnológicas desejáveis. Nesta abordagem, o 
solvente orgânico é aprisionado em uma rede tridimensional usualmente termorreversível 
produzindo sistemas semi-sólidos denominados oleogéis (CO; MARANGONI, 2012).  
Diversos agentes estruturantes, também chamados de oleogelators ou gelators, 
como os ácidos graxos, álcoois graxos, ceras vegetais e animais, mono e diglicerídeos, 
fosfolipídios, ésteres de sorbitano, fitoesteróis e ceramidas têm sido estudados 
(MARANGONI; GARTI, 2011). Os oleogéis podem ser monocomponentes (formado por um 
único oleogelator) ou mistos (combinação de oleogelators), e nesse último caso, a ocorrência 
de interações positivas é desejável para a formação de oleogéis com melhores propriedades 
mecânicas (PATEL, 2015a).  
Diferentes óleos têm sido usados para produzir oleogéis como, por exemplo, o 
óleo de soja (MENG et al., 2018), óleo de canola (AGUILAR-ZÁRATE et al., 2018), óleo de 
girassol (BIN SINTANG et al., 2017), óleo de milho (ZHAO et al., 2020), óleo de farelo de 
arroz (WIJARNPRECHA et al., 2018) óleo de coco (TAN et al., 2017), óleo de camélia 
(WANG et al., 2018), óleo de amendoin (SHI et al., 2014), óleo de gergelim (SWE; 
ASAVAPICHAYONT, 2018), óleo de noz, óleo de amêndoa, óleo de semente de abóbora, 
óleo de semente de uva, óleo de cártamo (HWANG et al., 2014) e óleo de semente de romã 
(FAYAZ et al., 2017b). Dentre os diferentes óleos comestíveis, o óleo de linhaça se destaca 
do ponto de vista nutricional uma vez que é rico em ácidos graxos essenciais, como o ácido α-
linolênico, vitaminas E e A. O consumo deste óleo está relacionado à prevenção de doenças 
cardiovasculares, incluindo regulação do metabolismo lipídico, resistência à oxidação, além  
de serem atribuídas propriedades anti-inflamatórias e de auxílio na prevenção de alguns tipos 
de câncer e diabetes (GOYAL et al., 2014; HAN et al., 2015; XU et al., 2014, 2017). 
Em produtos alimentícios, os oleogéis apresentam uma grande variedade de 
funcionalidades, incluindo restrição da mobilidade e migração de óleo (STORTZ; 
MARANGONI, 2013), estabilização de emulsões (AHMADI et al., 2019) e, como 
mencionado anteriormente, substituição de gorduras trans, saturadas e mesmo as 
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interesterificadas. Além de fornecer estrutura aos alimentos, os oleogéis também podem atuar 
como carreadores de compostos bioativos lipofílicos (CALLIGARIS et al., 2020). 
Embora a utilização de oleogéis possa ser considerada funcional do ponto de vista 
tecnológico, e é fato de que já vem sendo aplicada em produtos alimentícios, a substituição de 
gorduras parcialmente hidrogenadas, particularmente em produtos com alto teor de gordura, 
envolve grandes desafios, uma vez que há uma grande difículdade em se obter plasticidade, 
propriedades de cristalização/fusão e textura adequadas na ausência de ácidos graxos trans. 
Assim, faz-se necessário o entendimento das diretrizes de formação/desenvolvimento de 
oleogéis que devem ser compreendidas conjuntamente com as propriedades físico-químicas 
fundamentais, no que diz respeito à composição do triacilglicerol, estabilidade física e 
química, propriedades mecânicas e térmicas destes géis. 
 A partir da problemática do desenvolvimento de sistemas alternativos à 
abordagem convencional de estruturação lipídica, a estratégia explorada neste trabalho foi 
elaborar estruturas em base oleosa (oleogéis), a partir de um solvente que já possui 
propriedades funcionais intrínsecas, investigando-se a interação entre diferentes pares de 
oleogelators a partir do estudo das propriedades mecânicas, térmicas, estruturais e de 
estabilidade dos géis. 
 
2. OBJETIVOS 
2.1 Objetivo geral 
O objetivo geral foi desenvolver oleogéis a partir da mistura entre o 
monoestearato de glicerol com ceras de baixo e alto ponto de fusão. 
 
2.2 Objetivos específicos 
- Estruturar óleo de linhaça a partir da mistura de diferentes oleogelators: 
monoestearato de glicerol, cera de berry ou cera de girassol hidrolisada; 
- Avaliar e identificar interações positivas ou negativas entre o monoesterato de 
glicerol com as diferentes ceras e decorrentes de suas respectivas proporções na mistura; 
- Caracterizar o comportamento reológico, térmico, a microestrutura e estabilidade 










































1. REVISÃO BIBLIOGRÁFICA 
1.1 Oleogéis 
Oleogéis, uma subclasse dos sistemas coloidais chamados organogéis, são 
materiais semi-sólidos compostos por moléculas estruturantes (oleogelators ou gelators) e um 
solvente orgânico como fase contínua (por exemplo, óleos vegetais). Na abordagem mais 
simples e direta de produção de oleogéis, a fase contínua oleosa é fisicamente aprisionada em 
uma rede tridimensional, formada pelos oleogelators após aquecimento e subsequente 
resfriamento (PATEL, 2015a; PATEL et al., 2013a; SÁNCHEZ et al., 2011). 
A gelificação altera o estado físico dos óleos comestíveis formando sistemas semi-
sólidos sem alterar a composição de ácidos graxos do solvente orgânico. Dessa forma, os 
oleogéis podem proprocionar propriedades reológicas desejáveis aos alimentos, como textura 
e cremosidade, configurando-se como uma alternativa promissora para fornecer estrutura sem 
o uso de ácidos graxos trans e/ou saturados (CO; MARANGONI, 2012; MARTINS et al., 
2017; OGUTCU; YILMAZ, 2014; TORO-VAZQUEZ et al., 2013). 
Nesta temática, oleogéis com diversas composições têm sido explorados como 
modificadores de textura para conferir propriedades mecânicas similares às margarinas 
comerciais (óleo de girassol e monoglicerídeo) (PALLA et al., 2017), como substitutos 
parciais de gordura em formulações de biscoitos (óleo de canola e cera de candelila) (MERT; 
DEMIRKESEN, 2016), de gordura animal em produtos cárneos (óleo de girassol, 
monoglicerídeo e fitoesteróis) (KOUZOUNIS; LAZARIDOU; KATSANIDIS, 2017), de óleo 
de palma em spreads de chocolate (óleo de romã, cera de abelha e cera de própolis) (FAYAZ 
et al., 2017b), de manteiga de cacau em formulações de chocolate amargo (óleo de milho, 
estearato de monoglicerila, β-sitosterol / lecitina e etilcelulose (EO)) (LI; LIU, 2019), de 
gordura vegetal em sorvetes (óleo de girassol, fitoesteróis e γ-orizanol) (MORIANO; 
ALAMPRESE, 2017), entre outros. Oh e colaboradores (2017) avaliaram a eficácia de 
oleogéis a base de óleo de girassol formados a partir de três ceras naturais diferentes como 
substitutos de gordura em bolo. Os oleogéis contendo cera de abelha produziram bolos com 
baixo teor de gordura saturada sem perda significativa na qualidade sensorial, comprovando a 
viabilidade da utilização de oleogéis. 
Além de conferir estrutura às formulações, os oleogéis também podem ser 
carreadores de compostos bioativos, atuando na liberação controlada, proporcionando maior 
estabilidade, impedindo a recristalização ou a precipitação desses ingredientes funcionais e 
contribuindo para melhorar a absorção de compostos bioativos lipofílicos (O’SULLIVAN; 
BARBUT; MARANGONI, 2016; OSULLIVAN et al., 2017; YU et al., 2012). Calligaris et 
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al. (2020) estudou o efeito de diferentes oleogelators (monoglicerídeo saturado, cera de farelo 
de arroz e uma mistura de β-sitosterol e γ-orizanol) na lipólise e na bioacessibilidade de 
curcuminóide na digestão in vitro de oleogéis de óleo de girassol. Os oleogéis obtidos 
diferiram quanto às propriedades reológicas e firmeza. No entanto, o que afetou a 
bioacessibilidade do composto bioativo foi o tipo de gelator ao invés da força do gel: os 
oleogéis contendo partículas cristalinas (monoglicerídeo e a cera) tiveram a menor 
bioacessibilidade. Os autores concluíram que o desenvolvimento do oleogel não apenas 
ofereceria à indústria alimentícia um substituto da gordura, mas também poderia representar 
uma estratégia para modular a digestão lipídica e proporcionar benefícios à saúde. O efeito 
combinado da redução da digestibilidade lipídica e a bioacessibilidade aprimorada das 
moléculas bioativas poderia fornecer aos consumidores alimentos funcionais potencialmente 
capazes de reduzir os fatores de risco para obesidade e incidência de doenças 
cardiovasculares, as quais atualmente representam grandes problemas de saúde pública. 
 
1.2 Formação dos oleogéis 
Existem diferentes maneiras de categorizar a formação dos oleogéis, como por 
exemplo, com base nas características moleculares dos oleogelators (compostos orgânicos de 
baixa massa molecular, compostos poliméricos e compostos inorgânicos), natureza química 
(oleogelators a base de lipídios e não lipídicos), número de oleogelators (géis 
monocomponentes ou formulações mistas/multicomponentes), tipo de unidades estruturais 
(building blocks) e princípios de estruturação envolvidos.  
Em relação às estratégias direta e indireta para formação de oleogéis, os building 
blocks podem ser formados por método direto, no qual o oleogelator é disperso diretamente 
na fase oleosa a temperaturas acima do seu ponto de fusão com posterior resfriamento, ou por 
método indireto, onde microestruturas são criadas a partir da remoção de água de soluções 
poliméricas hidratadas, ou troca de solvente (PATEL, 2015a; PATEL; DEWETTINCK, 2016) 
(Figura 1). Este último caso é normalmente utilizado como estratégia para contornar a 
problemática da polaridade de oleogelators com reduzida solubilidade em óleo, como é o caso 
de alguns biopolímeros como proteínas e polissacarídeos. A troca é feita gradualmente de um 





Figura 1. Estratégias diretas e indiretas (bifásica e troca de solvente) para formação de 
oleogéis (Adaptado de Martins et al., 2018). 
 
Em relação aos mecanismos que promovem a estruturação em óleos, estes podem 
ser categorizados em quatro grupos principais: a) redes cristalinas; b) redes fibrilares auto-
associadas, também conhecida como SAFINS; c) redes poliméricas; e d) micelas esféricas 
invertidas. De forma geral, interações não-covalentes são responsáveis pela formação desses 
conjuntos moleculares ou building blocks, as quais incluem as ligações de hidrogênio, 
interações de van der Waals e empilhamento π-π (OKESOLA et al., 2015; PATEL, 2017). 
Redes cristalinas são formadas quando ceras naturais e monoglicerídeos como o 
monoestearato de glicerol são empregados em concentrações suficientes para estruturar óleos 
comestíveis ( LAK ; MA AN ONI, 2015;       ;  ILMA , 2014 . No 
mecanismo de gelificação das SAFINS, oleogelators de baixa massa molecular, como 
o ácido 12-hidroxiesteárico, se auto-organizam em redes fibrilares de dimensões 
específicas devido ao seu empacotamento geométrico criando uma rede tridimensional capaz 
de aprisionar o solvente (ROGERS; WRIGHT; MARANGONI, 2008).  
Na categoria das redes poliméricas, a etilcelulose ainda é o único polímero 
conhecido que pode ser utilizado em alimentos. O mecanismo de gelificação desse composto 
ocorre através da formação de redes poliméricas entrelaçadas. Para tal, esse polímero é 
primeiramente dissolvido em óleo aquecido acima da sua temperatura de transição vítrea, 
aproximadamente 140 ºC, com posterior resfriamento, até temperatura abaixo do ponto de gel, 
aproximadamente 120 ºC. Porém, a temperatura de resfriamento pode mudar dependendo da 
massa molecular do polímero e da composição do óleo (DAVIDOVICH-PINHAS; BARBUT; 
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MARANGONI, 2015, 2016; LAREDO; BARBUT; MARANGONI, 2011). Uma estratégia 
recente, é a utilização de alguns biopolímeros em abordagens indiretas de formação de 
oleogel, como por exemplo o desenvolvimento de géis de proteínas (SCHOLTEN, 2019), géis 
de polissacarídeos (DAVIDOVICH-PINHAS, 2019) e a partir de complexos entre proteínas e 
polissacarídeos (WIJAYA et al., 2019).  
Por fim, as micelas esféricas invertidas, também chamadas de micelas worm-like, 
são estruturas formadas por moléculas anfifílicas em meio apolar, como é o caso de 
fosfolipídeos que são capazes de se auto-organizar em solventes orgânicos na presença de 
quantidades-traço de água formando uma rede tridimensional (ANGELICO et al., 2005; 
MARTINS et al., 2018).  
De maneira geral, a conformação final dos oleogéis é influenciada pelo tipo, 
concentração e massa molecular do oleogelator (HWANG et al., 2012; MARTINS et al., 
2016), tipo, viscosidade e polaridade do óleo (YANG et al., 2018), taxa de resfriamento 
(PALLA et al., 2019) e a presença de outros aditivos como surfactantes/co-oleogelators 
(PÉREZ-MARTÍNEZ et al., 2019). 
 
1.2.1 Oleogelators 
Um dos principais objetivos no campo dos oleogéis é encontrar oleogelators 
eficazes em baixas concentrações, baratos, prontamente disponíveis e, o mais importante, ter 
aprovação regulatória para uso em produtos comestíveis (PATEL, 2017). 
Os oleogelators devem apresentar certas propriedades físico-químicas como: (a) 
afinidade por óleo (lipofilicidade); (b) atividade de superfície e capacidade de auto-
organização; (c) capacidade de formar um arranjo estrutural supramolecular; e (d) 
termorreversibilidade (DASSANAYAKE; KODALI; UENO, 2011; PATEL et al., 2013a, 
2013b). 
A capacidade de um oleogelator de formar gel depende de sua parcial 
solubilidade e insolubilidade com o solvente para promover sua auto-organização. Se o agente 
estruturante for muito insolúvel, ele não irá interagir com o solvente e formará precipitado de 
moléculas cristalinas ou amorfas (separação de fases) ao invés de um gel. Por outro lado, o 
oleogelator deve ser relativamente solúvel, de modo que possa estabelecer interações fracas 
com triacilgliceróis insaturados (CO; MARANGONI, 2012; DOAN et al., 2015; PATEL, 
2017). Diante de uma perspectiva coloidal uma interação gelator-solvente fraca resulta em 
interações dominantes gelator-gelator desencadeando a formação de partículas primárias por 
precipitação e/ou cristalização (fenômeno 'bottom-up'), seguida de auto-montagem e auto-
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organização para formar estruturas supramoleculares de ordem superior que eventualmente 
leva à gelificação do solvente. No entanto, esse fenômeno ocorre caso seja alcançado um 
equilíbrio adequado entre as interações gelator-gelator e gelator-solvente (PATEL, 2017). 
 
1.2.1.1 Cera  
Diante da vasta gama de possíveis oleogelators, as ceras aparecem como uma 
alternativa interessante, visto que são agentes estruturantes eficientes. Mesmo em baixas 
concentrações (0,5 % m/m), algumas ceras são capazes de formar oleogéis, e ainda, geralmente 
formam redes com alta capacidade de retenção de óleo. Outra vantagem dos oleogéis a base de 
cera é a possibilidade de ajustar o comportamento de oleogelificação de acordo com as taxas de 
resfriamento e cisalhamento, bem como alterando o tempo e a temperatura de resfriamento (Doan 
et al., 2018). 
Em termos gerais, ceras naturais possuem natureza química multicomponente, isto é, 
podem ser compostas por ésteres de cera, hidrocarbonetos, álcoois graxos, ácidos graxos, cetonas, 
mono-, di-, triacilgliceróis e ésteres de esteróis, cujas composições variam amplamente 
dependendo de sua fonte (HWANG et al., 2012). 
Devido à presença de unidades moleculares com estruturas lineares, os cristais 
formados por ceras apresentam majoritariamente crescimento uni- e bi-dimensional, e, por 
consequência, um crescimento lateral proporcionalmente mais baixo, resultando em 
morfologias semelhantes a agulhas e plaquetas. Tais cristais são eficientes em estruturar 
solventes mais apolares em frações mássicas relativamente pequenas de cristais, de modo que, 
mesmo em concentrações baixas (0,5 % m/m) são capazes de transformar óleos líquidos em 
géis viscoelásticos com propriedades reológicas interessantes (HWANG et al., 2012; PATEL, 
2015a). Blake e Marangoni (2015) contestaram estudos anteriores com relação à morfologia 
ser semelhante a agulhas. A partir de imagens de microscopia eletrônica de varredura 
criogênica, os autores confirmaram que a morfologia de três espécies de cera estudadas (cera 
de girassol, cera de farelo de arroz e cera de candelilla) apresentaram forma de plaquetas 
(platelet-like) ao invés de needle-like. Eles sugerem que a morfologia semelhante à agulha 
descrita por pesquisas anteriores seria devido a efeitos de superfície e preparação de amostra 
representando artefatos experimentais. Além disso, outras morfologias podem ser encontradas 
nas redes cristalinas formadas pelas ceras, como cristais esferulitos e dendríticos que 
conferem uma rede mais fraca ao oleogel (DOAN et al., 2017b). 
Diferentes espécies de cera têm sido estudadas como agentes estruturantes em 
óleos, como a cera de girassol (DOAN et al., 2017a), cera de farelo de arroz 
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(WIJARNPRECHA et al., 2018), cera de carnaúba (OGUTCU; YILMAZ, 2015), cera de 
candelila (SÁNCHEZ-BECERRIL, et al., 2018), cera de abelha (MARTINS et al., 2016), cera 
de berry (TAVERNIER et al., 2017) e cera de fruta (OKURO et al., 2018a). Ceras naturais 
com diferentes composições químicas possuem diferentes pontos de fusão e, portanto, 
também diferentes temperaturas de cristalização e comportamento de gelificação em óleos 
líquidos (DOAN et al., 2017b). Além disso, determinadas ceras exibem diferentes 
comportamentos de gelificação (concentração crítica de gelificação, temperatura sol-gel, etc.) 
em óleos vegetais que diferem nos perfis de ácidos graxos, o que é atribuído à diferença nas 
interações gelator-solvente que afeta as propriedades de cristalização (cinética, 
empacotamento molecular e agregação de cristais) (MARTINS et al., 2016; PATEL, 2015b). 
A cera de girassol é produzida a partir das sementes da planta Helianthus annuus. 
É constituída por >95% de ésteres de cera (C44-C50) compostos principalmente por ácidos 
graxos (C20-C22) e alcoois graxos (C24-28) (DOAN et al., 2017b). Devido à presença de uma 
grande quantidade de ésteres de cera de cadeia longa, esta cera possui alto ponto de fusão 
(TAVERNIER et al., 2017). Por outro lado, a cera de berry, extraída dos frutos da Rhus 
verniciflua, apresenta baixa temperatura de fusão (~16 °C a 1% (m/m), ~20 °C a 5% (m/m)) e 
de cristalização (5 ºC) que pode ser explicada pela alta quantidade de ácidos graxos de cadeia 
curta (>96%), principalmente ácido palmítico (C16:0) e ácido esteárico (C18:0) (DOAN et al., 
2017b). 
 
1.2.1.2 Monoglicerídeo  
Monoglicerídeos (MGs) são moléculas lipídicas formadas a partir de uma cadeia 
de ácido graxo esterificada a uma das hidroxilas presentes na molécula de glicerol (Figura 2). 
Eles são discernidos pelo tamanho da cadeia carbonica (CHEN; TERENTJEV, 2009; CHEN; 
VAN DAMME; TERENTJEV, 2009). Dessa forma, eles podem ser divididos em MGs de 
cadeia curta contendo ácidos graxos com menos de 8 átomos de carbono, MGs de cadeia 
média contendo de 8 a 12 átomos de carbono e MGs de cadeia longa contendo ácidos graxos 
com mais de 12 átomos de carbono. Nesse contexto, o monoestearato de glicerol é um MG 
saturado de cadeia longa composto por 18 carbonos, apresentando temperatura de fusão de 
62-64 °C (MIAO; LIN, 2018). 
Os MGs podem existir em três diferentes formas: 1-monoglicerídeo, 2-
monoglicerídeo e 3-monoglicerídeo, dependendo da posição do ácido graxo no glicerol. O 1-
monoglicerídeo e o 3-monoglicerídeo não são distinguidos um do outro e são chamados de α-
monoglicerídeos, enquanto que o 2-monoglicerídeo é chamado de β-monoglicerídeo (PATEL, 
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2018). Sob diferentes condições de temperatura, o 1-monoglicerídeo saturado geralmente 
possui quatro formas polimórficas diferentes: sub α, α, β e β’. Os MGs cristalizam 
diretamente no polimorfo α e passam para o sub α após serem resfriados a 35–50 °C. No 
entanto, as formas polimórficas α e sub α podem se transformar em um polimorfo β mais 
estável em função do tempo. O polimorfo β’ é formado apenas durante a cristalização rápida 
usando solventes específicos e não pode ser observado por calorimetria diferencial de 
varredura (DSC). Por outro lado, o 2-monoglicerídeo tem apenas uma forma (o polimorfo β  
devido à sua estrutura molecular simétrica (VEREECKEN et al., 2009). 
Em ambiente hidrofóbico, MGs formam bicamadas inversas com subsequente 
crescimento e organização lamelar que irão se converter na rede cristalina tridimensional que 
será capaz de aprisionar o óleo. Os grupos de cabeças hidrofílicas do MG ficam no meio da 
bicamada adotando uma conformação bidimensional fechada (ou seja, rede hexagonal 2D) 
(CHEN; VAN DAMME; TERENTJEV, 2009). Esse arranjo das cabeças de glicerol dentro da 
bicamada inversa lamelar é a responsável pela gelificação que promove as propriedades 
elásticas ao sistema MG-óleo (LÓPEZ-MARTÍNEZ et al., 2014). Essa organização é 
estabilizada por ligação de hidrogênio entre os grupos OH primário e secundário do MG 
dentro da bicamada que vai levar à cristalização de cadeias alifáticas do MG desenvolvendo 
um polimorfismo mais estável (ou seja, sub-α - empacotamento ortorrômbico 3D - e, 
eventualmente, fase β - empacotamento triclínico 3D -) (CHEN; TERENTJEV, 2009; 
LOPEZ-MARTÍNEZ et al., 2015). A transição do polimorfismo de sub-α para β resulta em 
significante modificação da rede cristalina tri-dimensional com subsequente mudança nas 
propriedades térmicas, mecânicas e de retenção de óleo do gel (CHEN; TERENTJEV, 2009). 
De modo geral, a rede cristalina formada pelos MGs em óleo apresenta cristais 
semelhantes a agulhas ou plaquetas (LÓPEZ-MARTÍNEZ et al., 2014). Estes cristais podem 
se agregar e formar estruturas esferulíticas (MARANGONI; GARTI, 2018; YILMAZ; 
 Ğ    , 2014 . Além disso, a rede também pode ser formada por cristais tipo roseta (LI; 
LIU, 2019). 
Para a formação de oleogéis é necessária uma concentração relativamente elevada 
de monoglicerídeo (~ 10% m/m) para obter a textura pretendida. Dessa forma, o controle das 
condições de tempo e temperatura pode produzir oleogéis de monoglicerídeos com melhores 
propriedades microestruturais e de capacidade de retenção de óleo. Outra estratégia a ser 
explorada seria investigar a combinação do monoglicerídeo e outro oleogelator na expectativa 





Figura 2. Estrutura química do monoestearato de glicerol. 
 
 
1.2.1.3 Oleogéis mistos 
A combinação de dois oleogelators ou mais pode resultar em interações positivas, 
modificando as propriedades do gel e aumentando seu potencial em aplicações. Assim, os géis 
multicomponentes são particularmente interessantes devido à possibilidade de ajustar suas 
propriedades pela simples alteração das proporções dos componentes envolvidos na formação 
do oleogel (PATEL, 2015a; PATEL; DEWETTINCK, 2016). Callau et al. (2020) estudaram o 
efeito da razão entre álcool beenílico e ácido beênico nas propriedades do oleogel à base de 
óleo de girassol. Duas razões ótimas foram encontradas: R= 8:2 e 7:3. Os oleogéis, compostos 
de cristais mistos, exibiram maior dureza e capacidade de reter óleo em sua estrutura em 
comparação com as outras razões estudadas, o que foi atribuído à cristalização quase 
completa dos dois componentes.  
Os géis supramoleculares multicomponentes são uma categoria de géis ainda 
pouco explorados. Estes podem ser subdivididos em três grupos, onde o oleogel é: a) 
composto por dois oleogelators, em que ambos, individualmente, não conseguem formar 
sistemas estruturados; b) composto por dois oleogelators, em que ambos, individualmente, 
conseguem formar géis estruturados, e quando combinados, são capazes de se organizar em 
estruturas mistas auto-organizáveis (co-organização), ou de forma independente um do outro 
(auto-classificação) coexistindo como espécies individuais; e c) composto por um oleogelator 
e um aditivo que não possui a propriedade de formar um sistema estruturado, porém é capaz 
de auxiliar a promoção de uma distribuição espacial mais efetiva dos buildings blocks 
provenientes do oleogelator principal ou fortalecendo as ligações entre os building blocks 
formados (BUERKLE; ROWAN, 2012; PATEL, 2017). 
Artigos reportam a produção de oleogéis mistos: monoglicerídeos + fitoesteróis 
(BIN SINTANG et al., 2017), lecitina + ácido esteárico (GAUDINO et al., 2019), lecitina + 
fitoesteróis (OKURO et al., 2018b), β-sitosterol + γ-orizanol (SCHARFE et al., 2019), β-
sitosterol + ácido esteárico (YANG et al., 2018), cera de girassol + cera de abelha, cera de 
girassol + cera de arroz, cera de abelha + cera de arroz (JANA; MARTINI, 2016), cera de 
própolis + cera de abelha (FAYAZ et al., 2017a) e monoglicerídeo + etilcelulose (LOPEZ-
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MARTÍNEZ et al., 2015). Interações sinérgicas entre a lecitina e ceras de frutas na formação 
de oleogel foram exploradas por Okuro et al. (2018) Neste estudo, foi utilizado o óleo de 
girassol como solvente orgânico, lecitina de soja e ceras com composições químicas e 
propriedades físico-químicas diferentes. O estudo constatou que a combinação da lecitina com 
cera natural de baixo ponto de fusão (cera de fruta) apresentou interações sinérgicas, levando 
à formação de oleogel com melhores propriedades térmicas e mecânicas. Tal sinergismo foi 
atribuído a possíveis interações intermoleculares entre os ácidos graxos e álcoois graxos 
presentes na cera de fruta com os grupos polares do fosfolipídio. Além disso, os autores 
hipotetizaram que a lecitina além de atuar como um co-oleogelator também seria capaz de 
atuar como co-solvente, alterando as propriedades do óleo. Portanto, com a adição de outro 
componente, pode-se obter oleogéis mais rígidos mesmo com menor concentração de 
oleogelator. 
Até o momento desconhecem-se estudos que tenham explorado a interação MG-
ceras visando à formação de oleogéis e, portanto, este estudo pretende colaborar com a 
elucidação da ciência fundamental que explique as interações de oleogéis mistos cera:MG. 
 
1.3 Solvente Orgânico 
As interações oleogelator-oleogelator e oleogelator-óleo são necessárias para a 
formação da rede tridimensional e posterior gelificação. O óleo líquido dentro da rede pode 
ser dividido em dois tipos: óleo livre e óleo ligado. O óleo livre está apenas aprisionado na 
rede cristalina, enquanto que o óleo ligado está interagindo com os oleogelators através de 
interações intermoleculares (CO; MARANGONI, 2012). 
Óleos vegetais consistem em triglicerídeos de ácidos graxos de cadeia longa que 
podem ser saturados (como por exemplo, ácido esteárico ou palmítico) ou insaturados (como 
ácidos oleico, linoleico, linolênico e ricinoleico) (LLIGADAS et al., 2010). A estrutura 
química do solvente orgânico, como o comprimento de cadeia e grau de insaturação, pode 
influenciar nas características finais dos oleogéis (BLAKE; CO; MARANGONI, 2014). 
Martins et al. (2016) constatou que o oleogel feito a partir de cera de abelha e óleo composto 
de triacilglicerídeos de cadeia longa era mais forte do que os de cadeia média. Zetzl, 
Marangoni e Barbut (2012) avaliaram as propriedades mecânicas de oleogéis feito com 
etilcelulose e diferentes solventes orgânicos. Os oleogéis de óleo de linhaça mostraram ter os 
maiores valores de módulo elástico e o triplo dos valores de dureza em comparação ao óleo de 
canola e óleo de soja, o que foi atribuído à maior quantidade de ácido linolênico (18:3), isto é, 
maior grau de insaturação.  
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A viscosidade e a polaridade do solvente também podem afetar a conformação 
dos géis. Swe e Asavapichayont (2018) estudaram o efeito do óleo de silicone 
(ciclopentasiloxano) na microestrutura, gelificação e nas propriedades reológicas dos oleogéis 
de monoestearato de sorbitano e óleo de gergelim. A adição de ciclopentasiloxano reduziu a 
viscosidade e a polaridade do óleo de gergelim. Esses fatores influenciaram a auto-
organização do monoestearato de sorbitano e favoreceram a formação de géis mais fortes 
(com menor concentração de oleogelators – 10% m/m), uma vez que houve um equilíbrio de 
solubilidade a partir das ligações de hidrogênio entre oleogelator-oleogelator e oleogelator-
solvente. Por outro lado, oleogéis de etilcelulose são mais fortes com solvente de alta 
polaridade (GRAVELLE et al., 2016). 
O óleo de linhaça, derivado das sementes de linhaça (Linum usitatissimum L.), 
contém altos níveis de ácido linolênico (53,21%), seguido de oleico (18,51%) e linoleico 
(17,25%) (POPA et al., 2012). Evidências indicam que o ácido linolênico pode ter benefícios 
potenciais à saúde, especialmente no tratamento de doenças cardiovasculares, câncer e 
diabetes (GOMES et al., 2015; GONZÁLEZ-MAÑÁN; PETINELLI; TAPIA, 2018; 
JOVANOVSKI et al., 2017; SHARMA; SINGH; GOYAL, 2016). No entanto, há poucos 
estudos que reportam a utilização desse óleo como solvente para a preparação de oleogéis 
(BANUPRIYA et al., 2016; GRAVELLE et al., 2016; HWANG; SINGH; LEE, 2016; 
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Abstract: The combination of oleogelators for oil structuring has an untapped potential since 
effective pairs usually have been found by serendipity. The aim of this work was to evaluate 
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(GMS) in flaxseed oil (FXO) at 5 and 25 °C. Thermal and mechanical properties, 
microstructure and stability of oleogels were investigated. Self-standing and translucent gels 
were obtained from BEW in FXO. However, the mixture BEW:GMS resulted in a decrease of 
dynamic moduli. Moreover, changes in the crystal network and reduction of oil binding 
capacity were noticed. Thus, the GMS prevented the complete organization of BEW in 
polyunsaturated chains of FXO. Conversely, a positive interaction was found for GMS:SHW, 
since both alone were not able to impart structure in FXO. Interestingly, gel was formed with 
improved properties even with small addition of GMS, although an ideal ratio of 1:1 
(GMS50:50SHW) was found. Oxidative stability analysis showed that all gels resembled to 
the behavior of liquid oil (~12.00 meqO2/kg) over 30-days storage. Therefore, semi-solid 
systems with nutritional and techno-functional claims were created by using waxes and fatty-
acid derivative oleogelator in a rational fashion opening the opportunity to tailor oleogels 
properties. 




Solid fats are commonly used in processed foods to confer technological and sensory 
properties desired by the consumer [1]. However, trans, saturated and recently interesterified 
fats have been associated with negative health related effects, such as increasing the risk of 
obesity, diabetes, cancer and cardiovascular diseases [2,3]. In this context, oleogelation alters 
the physical state of vegetable oils (mainly composed of unsaturated fatty acids), providing a 
semi-solid characteristic, although without changing their chemical composition [4]. Oleogels 
are formed by the entrapment of organic solvent (i.e. vegetable oils) within a three-
dimensional network, which can be formed by the crystallization of oleogelators [5]. For 
instance, the mixture of liquid oil and structuring agents is heated to a temperature above the 
melting point of the oleogelator(s) and during cooling the crystal network is developed by the 
establishment of weak interactions creating a self-standing structure. Polar moieties are 
stabilized by H-bonding or other polar-polar interactions, while nonpolar moieties occurs with 
induced dipole-dipole interactions (London dispersion force) [6]. 
A myriad of oleogelators such as fatty acid derivatives, sterols and polymers have been 
studied for oleogels formation [7–11]. Among them natural waxes are widely used for 
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vegetable oil structuring purposes. Waxes may show different melting, crystallization and 
gelation temperatures as well as crystal morphology depending on the chemical composition 
[12]. Berry wax (BEW) (Rhus verniciflua) is mostly composed of short chain fatty acids 
attached to a glycerol backbone, which confers a low melting point [6]. On the other hand, 
hydrolyzed sunflower wax (SHW) (Helianthus annuus) is a high melting point wax and it is 
mainly comprised of fatty acids and fatty alcohols [12]. Glycerol monostearate (GMS) is a 
monoglyceride comprised of saturated long-chain fatty acid esterified to a glycerol backbone 
[13].  
Usually, relatively high amount of these single oleogelators are required to oil 
structuring. In addition to this concern, the complex hierarchical structure of regular solid fats 
hardly would be mimic, in terms of structural arrangement, by a gel system comprised by only 
one kind of oleogelator. Interestingly, the mixture of different oleogelators can generate 
positive interactions, which may lead to a decrease in the amount used to provide the desired 
texture to the semi-solid system [14]. Positive interactions between oleogelators can create 
interesting soft and complex systems, allowing to tune gel characteristics by choosing 
properly the components of the mixture endowing for a specific solubility balance (governing 
positive interactions) by changing the ratio of the components. Different molecules may co-
assemble in supramolecular gel phases (randomly, specifically or alternatively) or self-sort as 
coexisting pure assemblies [15]. Even with such advantages of mixed gels, their investigation 
still has untapped potential for optimizing formulations and texture properties. 
Thus, we propose as strategy designing a mixed-component oleogel based on the 
combination of a low or a high melting point waxes and a fatty acid derivative as oleogelator. 
These systems open up the opportunity to create oleogels with reduced amount of wax 
(eventually reducing the waxy mouthfeel) with distinct mechanical and techno-functional 
properties. Such structures can be incorporated as novel ingredients in food formulations as 
replacer of conventional solid fats. Moreover, flaxseed oil (Linum usitatissimum) is a valuable 
alternative to the formation of oleogels due to the health benefits related to the presence of 
omega-3 fatty acids. Recent studies have shown that this oil has anti-inflammatory properties, 
and its ingestion might prevent cancer, type II diabetes and cardiovascular diseases [16–19]. 
Therefore, the strategy design of this study was to develop and evaluate semi-solid systems 
based on the mixture of low and high melting point waxes (BEW and SHW, respectively) 




2. Results and Discussion 
2.1 Gel Formation 
Mono- and multicomponent oleogels were prepared with berry wax (BEW), sunflower 
wax (SHW) and glycerol monostearate (GMS) as oleogelators in flaxseed oil (FXO). 
Preliminary screening was performed varying total oleogelator concentration from 1 to 10 % 
(w/w) in order to define the minimum amount (critical gelling concentration) that could 
impart structure in FXO. Different GMS:BEW and GMS:SHW ratios (100:0, 75:25, 50:50, 
25:75 and 0:100) were investigated. After preparation, oleogels were stored at 5 °C or 25 °C 
temperature, and tilt test was carried out to analyze oleogel formation (Figure S1). 
Temperature exerted influence on the structuration of the monocomponent GMS100 
(Figure S1 a, b, c and d- 1) and multicomponent oleogels of berry wax (GMS50:50BEW and 
GMS75:25BEW Figure S1 a and b- 2,3). At the lowest temperature, these gels were self-
standing, while at 25 °C they flowed after tube inversion (tilt test). On the other hand, 
multicomponent gels of sunflower wax (Figure S1 c and d- 2,3,4) and GMS25:75BEW 
(Figure S1 a and b- 4) exhibited solid-like properties at both temperatures. Interestingly the 
monocomponent oleogel of sunflower wax (GMS0:100SHW Figure S1 c and d- 5) exhibited 
liquid characteristics at both temperatures. Therefore, monoglyceride (GMS100) and 
sunflower wax (GMS0:100SHW) did not form gel in FXO at 25 °C, although a positive 
interaction occurred with oleogelators mixture (GMS:SHW). In contrast, BEW was able to 
structure FXO, but GMS addition induced a negative interaction, weakening or even 
hindering development of a 3D network at higher GMS concentration in the mixture. 
GMS has been used as an efficient oleogelator in different oils at 25 °C such as sunflower 
oil, high oleic sunflower oil and coconut oil [20]. However, the lack of gel formation can be 
associated to the high degree of unsaturation of FXO. The presence of greater unsaturation 
degree represents a solvent with larger molar volume (higher conformational freedom caused 
by the bended chains and hydrophobicity), which may reflect on oleogelator–solvent 
interactions. For instance, oleogels formed with ethylcellulose showed improved mechanical 
properties as the oily phase was more unsaturated (canola < soybean < flaxseed oil) [21]. The 
difference between this work and our results could be at least partly attributed to a different 
mechanism of gel formation – polymeric strands for ethylcellulose and crystallization from 
lamellar phase for GMS. Therefore, the packing of triglycerides affected differently in oil 
structuring depending on the degree of unsaturation of fatty acids molecules. From these 
31 
 
results, the further experiments were performed on the systems structured at both 5 and 25 °C 
(GMS0:100BEW, GMS25:75BEW, GMS25:75SHW, GMS50:50SHW and GMS75:25SHW). 
2.2 Isothermal rheological measurements 
2.2.1 Strain sweep  
Strain sweep measurements were carried out at 5 and 25 °C. Figure 1 shows the plot of 
strain and frequency sweeps of the mono and multicomponent oleogels. Strain sweep allows 
to identify the linear viscoelastic region (LVR), in which the sample structure does not show 
irreversible deformation under application of mechanical forces. Relationship between 
applied strain or stress and measured oscillatory stress or strain, respectively, is linear within 
LVR and moduli obtained from the oscillatory response are only a function of observation 
time (or frequency) and temperature [22]. Figure 1 shows that G’ was higher than G’’ within 
LVR. The maximum limit of LVR was between 0.1 and 1%, although GMS:SHW were more 
susceptible to application of mechanical forces. Above these strain values, dynamic moduli 
showed pronounced decay and sample response was no longer independent of the magnitude 
of deformation. At this stage occurred a crossover point (G'= G''), indicating that gels 
underwent permanent deformation caused by the rupture of the structural network [23]. 
BEW monocomponent oleogels (GMS0:100BEW) showed broad LVR and highest G' 
values rather than their mixtures with GMS. A small GMS addition (GMS25:75BEW), did 
not affect the LVR extension compared to GMS0:100BEW. Interestingly, the length of LVR 
of oleogels was slightly longer at 25 °C than at 5 °C, suggesting greater stability to the strain 
applied on gels at room temperature. However, these samples showed stronger network at 5 
°C than 25 °C indicated by the higher strain values associated with the crossover point, 
approximately 100% and 10% of strain, respectively. The increasing addition of fatty acid 
derivative oleogelator (GMS50:50BEW and GMS75:25BEW), led to a drop in average value 
of G' in the LVR (G'LVR) and smaller strain values associated to crossover point, disclosing the 
more fragile nature of these gels. Although at 25 °C GMS50:50BEW and GMS75:25BEW 
showed gel-like behavior (G' > G'') within LVR, these systems were not self-standing 
structures (tilt test) (Figure S1). 
Unlike gels formed by BEW mixtures, SHW showed a positive effect on oleogel 
structure when mixed with GMS (GMS25:75SHW, GMS50:50SHW and GMS75:25SHW), 
considering that neither SHW nor GMS formed gels as single oleogelator at 25 °C (Figure 
S1). Monocomponent SHW oleogels showed lower average value of G'LVR, and narrow length 
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of the linear region compared to the mixtures. Thus GMS:SHW combination revealed some 
intriguing rheological outputs while showing better results than GMS0:100SHW. The higher 
elastic modulus (G’  of the mixtures, indicate that the combination of  MS and SHW 
positively influenced on gelation, resulting in an improved crystal network formation. After 
defining the LVR, the samples were subjected to frequency sweep, in order to investigate the 
observation time dependent behavior of the oleogels. 
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Figure 1. Strain (left) and frequency sweeps (right) for GMS:BEW-based oleogels at 5 °C 
(a), GMS:BEW-based oleogels at 25 °C (b),  GMS:SHW-based oleogels at 5 °C (c) and 
GMS:SHW-based oleogels at 25 °C (d). 
 
2.2.2 Frequency sweep 
All samples, apart from GMS0:100SHW showed predominant storage modulus (G', 
representing the elastic property) over the loss modulus (G'', depicting the viscous property), 
pointing a gel-like behavior as can be seen in Figure 1. Moreover, the slight positive slope of 
the G' data is reported to be observed for soft gels [24]. At 5 °C, the GMS oleogel (GMS100) 
was shown to be a strong gel with great  ’ values (> 10
5 
Pa) as presented in Table S1 and 
Figure S2. However, at 25 °C there was a decrease in the elastic property, also confirmed by 
the visual appearance (Figure S1), which showed precipitation of GMS in the FXO. In this 
way, at higher temperature, the crystals were formed, but they were unable to impart a 
cohesive structure that would lead to the oleogelation.  
Visual analysis (Figure S1) showed that all BEW-based oleogels were structured at 5 °C, 
but at 25 °C only GMS0:100BEW and GMS25:75BEW. These results are in agreement with 
the values of the dynamic moduli (G' and G''), since moduli at 5 °C were higher than at 25 °C. 
At 5 °C, the samples GMS25:75BEW, GMS50:50BEW and GMS75:25BEW did not show 
great differences in dynamic rheological behavior. However, at 25 °C, the increase of GMS 
ratio in the mixture of oleogelators caused a decrease in G' values and increase of the 
frequency dependence (Figure 1 a, b and Table S1). These results suggest that there was no 
positive interaction between GMS and BEW as oleogelators, which may has been induced by 
GMS crystals hindering the complete organization of the BEW crystalline network.  
On the other hand, GMS0:100SHW did not form visually self-standing systems in FXO 
at both temperatures. Indeed SHW showed to be a poor oleogelator in flaxseed oil, which was 
confirmed by either the low value of elastic component or notable frequency dependence, 
especially at 25 °C. However, after GMS incorporation, all SHW-based systems showed gel-
like behavior and greater values of dynamic moduli. As aforementioned, at 25 °C, neither 
GMS nor SHW formed oleogel with FXO. Thereby, these single oleogelators were not able to 
drive intermolecular interactions in FXO that would build a crystalline network at room 
temperature [25]. This result refutes the hypothesis that the highest degree of unsaturation of 
the organic solvent can be related to the production of stronger gels [20,26]. This fact shed to 
the light that an accurate solubility balance must be reached, making difficult to state that the 
degree of unsaturation is the determinant factor to reach stronger oleogel formation. 
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Interestingly, the reduction of SHW and addition of GMS led to oleogel formation at 25 and 5 
°C, suggesting good interaction between these structuring agents. However, GMS:SHW ratio 
of 50:50 showed the strongest oleogel, which was confirmed by the highest G' at 5 and 25 °C.  
2.2.3 Thixotropy 
Another important property is the capacity of oleogel to recover its viscosity after 
shearing input. Thixotropy was studied by applying alternate cycles of low and high shear 
rates (0.1 and 10 s
−1
) to the samples and tracking the changes in viscosity (Table 1) at two 
different temperatures (5 and 25 °C). Initially samples were subjected at low shear rate (0.1 s
-
1
) and the behavior was similar for all oleogels regardless the studied temperature, showing a 
decrease of viscosity over time. Such drop in viscosity even at relatively low shear rates 
suggests sensitive nature of gels to shear, which can be related with the weak interactions 
underpinning crystals 3D network formation (such as van der Waals interactions and London 
dispersion forces) [27].  
The viscosity at the end of this first interval was considered as the initial viscosity. After 
that, a remarkable drop in viscosity was observed with the high shear rate step (10 s
-1
). 
Finally, the samples were subjected again at low shear rate (0.1 s
-1
) for further 10 min, in 
order to observe the structural recovery. The viscosity at the end of this step was considered 
as the recovered viscosity, which was used to calculate the relative percentage recovery. In 
general, the initial viscosity was favored by the lower temperature, which was in agreement 
with the higher elastic properties from oscillatory measurements (Table S1). The addition of 
GMS decreased the initial viscosity of BEW-based oleogel as presented in Table 1. 
Conversely, the system GMS:SHW (50:50 ratio) possessed the highest initial viscosity at both 
temperatures comparing all the formulations.  
SHW-based oleogel showed poor regeneration at both 5 and 25 °C, with a maximum of 
27.8 ± 0.7 %. Such behavior is typical of brittle gels that is in general characterized by a great 
elastic nature and a narrow LVR [6]. However, from the strain sweep results presented in 
Figure 1, SHW-based multicomponent oleogels did not show a typical ―brittle-type‖ failure, 
as they showed a broad yield zone. We suggest that the mixture of SHW and GMS created a 
heterogeneous network of crystalline particles, promoting a non-uniform bonding strength and 
consequent ―ductile type‖ failure [28]. The structure could collapse into smaller clusters of 
aggregates as gel is sheared, but with reduction of shearing the re-establishment of these 
clusters into a ordered and cohesive network would be hindered since shear forces overcame 
Brownian motion of suspended crystals [6]. 
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Table 1. Initial viscosity and viscosity recovery percentage in thixotropy measurements. 
 Initial viscosity (Pa.s) Viscosity recovery (%) 
Sample 5 °C 25 °C 5 °C 25 °C 
GMS0:100BEW 460.5 ± 10.6
a;A
 279.7 ± 16.5
a;B
 32.7 ± 0.6
b;B
 77.5 ± 2.3ª
;A
 
GMS25:75BEW 155.3 ± 27.1
b;A
 103 ± 4.2
b;A
 56.5 ± 5.0
a;A
 26.7 ± 3.7
b;B
 
GMS25:75SHW 478 ± 33.9
c;A
 167 ± 24
c;B
 13.1 ± 0.6
b;A
 6.1 ± 0.7
a;B
 
GMS50:50SHW 1465 ± 134.4
a;A
 975 ± 34
a
 27.8 ± 0.7
a;
 11.2 ± 3.1
a;B
 
GMS75:25SHW 980.5 ± 21.9
b;A
 257.7 ± 10.7
b;B





Different lower case letters mean statistical difference between BEW or SHW formulations at 




Interestingly, BEW-based oleogel showed high viscosity recovery at 25 °C (77.5 ± 2.3 
%) in FXO, while at 5 °C presented lower recovery (32.7 ± 0.6 %). This result differ from 
Doan et al. (2015) in which the BEW-based oleogel expressed a higher thixotropic recovery 
in rice bran oil at 5 °C (84.05 %) [29]. The reduction of BEW and addition of GMS 
(GMS25:75BEW), however, can reverse these results, promoting greater restructuring at 5 
°C. 
2.3 Non-isothermal measurements 
2.3.1 Differential Calorimetry Scanning - DSC 
The thermal behavior (onset and peak crystallization and peak melting temperatures) of 
neat materials (GMS, BEW and SHW), monocomponent and mixed oleogels was 
characterized by DSC as shown in Figure 2 and Table 2. In Figure 2, the crystallization and 
melting peak temperatures are depicted, in which BEW presented two well-defined peaks in 
the cooling step closed to 34 °C and 11 °C (Figure 2-a). However, three peaks were identified 
in the second heating step: one small peak at low temperature (~14 °C) and two overlapping 
peaks at higher temperature, between 35 and 45 °C (Figure 2-a). Pure SHW showed broad 
crystallization peaks between 25 and 70 °C and melting peaks ranging from 30 to 75 °C.  
The presence of different peaks is related to the multicomponent chemical nature of these 
waxes. SHW is mainly composed of moieties of fatty alcohols and fatty acids of long-chain 
(C20-C28), and a small amount of non-hydrolyzed esters (according to the supplier 
information). On the other hand BEW consists primarily of free fatty acids with a chain length 
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of C16 and C18 where most of them is esterified to a glycerol backbone [12]. Pure GMS 
showed well-defined peaks, with two crystallization sharp peaks in the cooling step (~62 °C 
and ~12 °C) and two well-defined melting peaks in the second heating cycle (~16 °C and ~67 
°C). GMS usually crystallizes in a mixed lamellar structure. The first exothermic peak could 
corresponds to the crystallization of the aliphatic tails and the second one is associated to the 
polymorphic transition into sub-α structure [30]. As disclosed by the reduction of the second 
melting enthalpy in Table 2 (from 137.0 ± 0.4 to 100.9 ± 0.8 J/g), during cooling step, GMS 
may not return to its more stable crystal-phase (β-phase) forming a less dense and ordered 
crystal packing (α-form) [31]. 
In its turn, the beginning of crystallization process (onset) can provide an extra edge to 
understanding the thermal behavior of mixed oleogels. The crystallization onset temperatures 
(TC1,onset) of oleogels were lower and peaks were less pronounced (lower enthalpy values) than 
neat waxes (Figure 2 and Table 2) because of dilution effect. Neat structuring agents were 
evaluated as the main chemical component in charge of the crystallization without 
considering the dispersion in oily phase [23]. The results show that there was an increase in 
TC1,onset when GMS was added to the BEW-based oleogel (Table 2). Crystallization of GMS 
starts at higher temperature (around 40 °C), but this process is consolidated only at lower 
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Figure 2. Crystallization (left) and melting (right) for neat BEW, SHW and GMS (a) 
GMS:BEW-based oleogels (b) and GMS:SHW-based oleogels (c). 
 
The addition of a small amount of GMS (GMS25:75SHW) did not affect the TC1, onset of 
the SHW-based oleogels, because both species initialize the crystallization at similar 
temperatures. However, lower TC1,onset values were observed at the same proportion of GMS to 
SHW (GMS50:50SHW). Moreover, a greater difference between ΔHmI and ΔHmII indicates 
that the crystalline species take longer to develop (i.e. sequential crystallization), which can 
be interpreted as a positive interaction of these oleogelators taking place at this specific ratio 
(1:1) [32]. This positive interaction was corroborated by rheological results, as in this 
condition the gels were stronger. In addition, the thermograms showed that two overlapping 
peaks were formed followed by a very sharp peak, probably indicating concomitant 
crystallization of distinct species. This suggests that the interaction between these two 
oleogelators, in this proportion, alters the crystal network structure and can be related to the 



























































































aforementioned positive interaction capable of forming strong gels. This result differs from 
reported by Pérez-Monterroza, Márquez-Cardozo and Ciro-Velásquez (2014) evaluating the 
effect of different ratios of oleogelators on the crystallization temperature of avocado oil 
[33].  They reported that the decrease in TC1, onset was related to the negative interaction 
between beeswax and Span 60, which weakened oleogel structure. Therefore, finding a 
combination of gelators is not a simple task and remains as a challenge. 
Upon combining BEW and GMS or SHW and GMS, it can be expected a simultaneous 
crystallization of two different crystal types (co-existence) or co-crystallization (one type of 
mixed crystal) or both. The formation of mixed crystals can likely occur because of the 
interaction between polar moieties interactions of GMS and SHW. Conversely, it seems that 
GMS indirectly hinder the BEW crystal to form a cohesive network in FXO [32]. When 
analyzing the relationship between crystallization and gelation for wax-based oleogels, 
interestingly, Tsol-gel from non-isothermal rheology and the crystallization onset temperature 
(TC1, onset) assessed by DSC measurements showed similar values, indicating that these two 
processes occurred almost simultaneously or an event is a consequence of the other. As 
reported by Patel et al. (2015) the gelation of low-melting point natural waxes (i.e. berry and 
fruit wax) is not preceded by extensive microstructure development, in contrast to the gels 
formed by waxes containing high- and mid-melting components [6].  
Table 2. Crystallization temperature, melting enthalpy from DSC measurements and 
temperatures associated to sol-gel and gel-sol transition from non-isothermal rheological 
measurements. 
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 - - 
Neat BEW 137 ± 0.4 100.8 ± 0.8 37.07 ± 0.15 - - 
Neat SHW 209 ± 12 187.8 ± 3.8 65.31 ± 0.26 - - 
Neat GMS 137 ± 0.4 100.9 ± 0.8 64.02 ± 0.25 - - 
Different lower case letters mean statistical difference between different BEW- or SHW-
based formulations. Different capital letters mean statistical differences of enthalpy for each 
sample in the 1st and 2nd heating cycle. 
 
2.3.2 Temperature sweep- from rheological measurements 
Non-isothermal rheological measurements were carried out to understand the effect of 
temperature on gelling behavior of gels (Figure 3). At cooling step, G'' was firstly greater than 
G', indicating predominance of viscous behavior until the crossover of the dynamic moduli 
(G''=G'), which was followed by a gradual increase of G' as the temperature reduced. This 
last period indicates the organization of the crystals until reach the 3D-network construction, 
forming the framework of oleogels [34]. All oleogels showed the typical abrupt phase 
transition to full crystallization, but BEW oleogels showed a slower transition in two steps, 
around 20 °C (between 30 to 10 °C). Systems with SHW presented abrupt transition during 
cooling step at relatively high temperature (between 35-45 °C for GMS50:50SHW and 
GMS75:25SHW, and 40-50 °C for GMS25:75SHW) with subsequent establishment and 
further strengthening of the crystalline network as the temperature decreased. Furthermore, 
the GMS50:50SHW exhibited the most pronounced development of viscoelastic properties 
compared to the other SHW-based oleogels formulations during crystallization step. 
After cooling, the oleogels remained isothermally at 0 °C for a period of time before the 
subsequent heating step. During heating stage, both monocomponent and mixed BEW-based 
oleogels showed different steps (slopes) between 20 and 40 °C indicating the presence of 
different crystalline species involved in the network formation. Such behavior in 
GMS0:100BEW can be explained by the multicomponent nature of the waxes and the 
presence of shorter chain fatty acids (C16-C18), where most of them are bounded on the 
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Figure 3. Temperature sweep of GMS0:100BEW (a), GMS25:75BEW (b), GMS25:75SWH 
(c), GMS50:50SWH (d) and GMS75:25SWH (e). Cooling (left) and heating steps (right). 




Thus, the crystallization of BEW in the oil may have continued during the isothermal 
period generating another polymorphic crystalline conformation [23], which was more clearly 
detected during heating. In contrast, SHW-based oleogels exhibited a constant and gradually 
decreasing behavior of the dynamic moduli until gel-sol transition (G'' > G'). The gel-sol 
transition temperatures (Tgel-sol and Tsol-gel) were lower for BEW-based oleogel, though a small 
incorporation of GMS in the mixture caused an increase in these values. Nevertheless, multi-
component SHW oleogels showed similar Tgel-sol around 60 °C (Table 2). In terms of 
technological function the lower Tgel-sol around 37-42 °C of BEW-based oleogels compared to 
SHW oleogels (59-62 °C) can define a different set of applications of both gels. 
2.4 Microstructure  
2.4.1 Polarized Light Microscopy (PLM) 
The micrographs under polarized light were obtained after 48 h of storage at 5 and 25 °C. 
Figures 4 and 5 present birefringent crystalline microstructure of gels, showing clearly that 
oleogelator type, ratio of components in the mixture and storage temperature affected crystal 
morphology. After 48 h at 5 °C, the GMS100 crystal network showed rosette-like and 
spherulite crystals (Figure 4-e) similar to the oleogel formed by GMS and high oleic 
sunflower oil [20]. On the other hand bigger GMS clusters precipitated in FXO at 25 °C [35]. 
(a) (c) (e) 
   
(b) (d) (f) 
   
 
Figure 4. Polarized light microscopy of monocomponent oleogels with total oleogelator 
concentration of 6% (w/w). GMS0:100BEW at 5 °C (a); GMS0:100BEW at 25 °C (b); 
GMS0:100SHW at 5 °C (c); GMS0:100SHW at 25 °C (d); GMS100 at 5 °C (e) and GMS100 
at 25 °C (f). 
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The GMS0:100BEW displayed tiny rod-like crystals at 5 °C forming a dense and 
cohesive network (Figure 4-a) that converge with the translucid visual appearance of this 
monocomponent oleogel (Figure S1). Similar morphology was found by Doan, To, et al. 
(2017) in rice bran oil [12]. We hypothesized that the shorter chain fatty acids of BEW were 
able to self organize when embedded in polyunsaturated chains of FXO leading to oleogel 
formation with appealing technological characteristics (translucence and good mechanical 
properties). Crystal size increased and became more dispersed at higher temperature (25 °C) 
(Figure 4-b) but still exhibiting a condensed display of crystals. The addition of GMS 
modified the network morphology of BEW-based oleogels, presenting the combination of 
spherulitic crystals with tiny needle-like crystals in the background (zoomed area) (Figure 5-
a). The presence of bigger needle-like crystals and spherulitic crystals in GMS25:75BEW 
(Figure 5-b) was observed at 25 °C. However, that these needle-like species are only the 
edges of platelet crystals, which can be arise as an experimental artifact from the preparation 
of the sample on glass slides [36]. 
(a) (c) (e) (g) 
    
(b) (d) (f) (h) 
    
Figure 5. Polarized light microscopy of mixed oleogels with total oleogelator concentration 
of 6% (w/w). Top: 5 °C and bottom: 25 °C. GMS25:75BEW (a, b); GMS25:75SHW (c, d); 
GMS50:50SHW (e, f) and GMS75:25SHW (g, h). 
 
Similarly to the other monocomponent systems, GMS0:100SHW showed different types 
of crystal depending on the storage temperature (Figure 4-c and d). However, self-standing 





the combination of GMS and SHW induced oleogel formation and the change in ratio of 
components in mixture (GMS:SHW) clearly affected crystal morphology. We suggest that the 
polar heads of GMS interacted with polar moieties of fatty acids and fatty alcohols of SHW 
giving a positive effect on crystal structure. The microstructure of GMS25:75SHW system 
was very similar at both studied temperatures and presented small spherulites crystals, with 
some branches (Figure 5-c and d). However GMS25:75SHW showed smaller size compared 
to GMS0:100SHW, which can explain the formation of oleogel. 
In the oleogelator mixture containing the same proportion of GMS and SHW, at 5 °C, 
crystals appears as spherulittes tightly packed with some bigger crystals  (Figure 5-e). Figure 
5-f exhibits larger crystals of different shapes (branched dendritic crystals and rosette-like) 
incorporated within tiny crystalline species (zoom area) for GMS50:50SHW at 25 °C. GMS 
related crystals, which are the bigger birrefringent structures, coexists with smaller spherulitte 
crystals. 
Further increase of GMS in the mixture (GMS75:25SHW) led to an increase of crystal 
size. Spherulites crystals can be observed radiating and branching outwards within a matrix of 
small needle-like crystals (Figure 5-g) at 5 °C. Whereas Figure 5-h reveals larger branched 
dendritic and rosette-like crystals at 25 °C ressembling crystal behaviour of pure GMS since 
the later is the prevailing oleogelator in the mixture (Figure 5h). 
2.4.2 Scanning Electron Microscopy (SEM) 
Although PLM can disclose important information about crystal morphology, electron 
microscopy technique could provide a better visualization of crystal network, assuming that 
the network surface area and surface roughness are the main factors in determining oil 
structuring ability rather than morphology of wax crystals [36]. 
Some samples were analysed under S M, revealing more information about oleogels’ 
microstructure. Figure 6-a shows that the GMS0:100BEW oleogel was composed of platelet-
like crystals randomly organized. This configuration could be formed from both newly 
formed nucleation sites or from pre-existing crystals under isothermal conditions [23]. The 
addition of GMS changed the configuration of the BEW network that appeared as piled 
platelets upon each other (Figure 6-c). On the other hand when dealing with mixtures of high 
melting point wax (SHW) and monoglyceride, different crystal networks were observed. For 
instance, GMS25:75SHW (Figure 6-c) showed a sponge-like network formed by the 
aggregation of spherulites, while GMS50:50SHW presented a denser and more compact 
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network ressembling to a platelet organization but with a different display (Figure 6-d) 





Figure 6. Scanning electronic microscopy (SEM) images of GMS0:100BEW (a), 
GMS25:75BEW (b), GMS25:75SHW (c) and GMS50:50SHW (d) oleogels. Magnification of 
600x. Scale equivalent to 100 μm.  he inset figures correspond to 1000x magnification. 
 
2.5 Oil binding capacity (OBC) 
The crystalline network is responsible for physical entrapment and immobilization of the 
organic solvent [37]. The oleogel GMS0:100BEW showed excellent oil holding ability at both 
25 and 5 °C (Table 3), with no oil release during accelerated stability tests. This property can 
be explained by the homogeneity of the dense network formed by small crystals (Figure 4-a 
and b), which reduces the amount of pores and increases the surface area available to retain 
the oil [38]. The weakening of the GMS25:75BEW network is confirmed by the decrease in 
OBC, which is also aligned with the reduction of elastic properties from rheological 
measurements (Figure 1-a and b). The addition of monoglyceride resulted in the formation of 
bigger crystals (Figure 5-a and b) that hindered the organization of BEW in FXO, facilitating 
the release of vegetable oil. There was a more pronounced decrease in OBC of these systems 
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at 25 °C, which can be due to the increase of crystal size and weakening of mechanical 
properties. 
The GMS50:50SHW also presented no oil release at 5 °C, however, did not show 
statistical difference between the other formulations of SHW. At 25 °C, this oleogel also 
presented the highest OBC, but with a slight oil release. Microscopy shows that despite the 
increase of some crystals in the GMS50:50SHW at this temperature, these crystals was 
surrounded by a large amount of tiny crystals, which is likely to be from wax crystallization 
(Figure5-e and f). Therefore, it is assumed that these crystals prevent the formation of large 
voids that would result in further oil release [39]. GMS25:75SHW was the only SHW-based 
oleogels that showed similar efficiency in oil trapping at both temperatures. According to the 
microscopy of this sample, there were no major differences in crystal morphology at the two 
storage temperatures. The GMS75:25SHW exhibited the lowest OBC at 25 °C. This result 
can be explained by the network consisting of large different crystals that led to the formation 
of many gaps and less structured network, corroborating with rheological measurements 
(Figure 1-c and d). 
Table 3. Oil binding capacity of mono and multicomponent wax-based oleogels. 
 OBC (%) 
Sample 5 °C 25 °C 
GMS0:100BEW 100.0 ± 0.0a; A 96.7 ± 1.2a; B 
GMS25:75BEW 92.7 ± 0.6b; A 65.1 ± 4.3b; B 
GMS25:75SHW 94.3 ± 6.5a; A 81.9 ± 6.9b; A 
GMS50:50SHW 100 ± 0.0a; A 93.4 ± 0.7a; B 
GMS75:25SHW 99.7 ± 0.2a; A 58.2 ± 2.4c; B 
Different lower case letters mean statistical difference between BEW or SHW formulations at 
5 or 25 °C. Different capital letters mean statistical differences for each sample between 
temperatures. 
2.6 Oxidative Stability (OS) 
Oxidation stability of FXO and oleogels was tracked during one month of storage (0, 7, 
15 and 30 days) at room temperature (Figure 7). The OS was assessed by peroxide value 
(PV), that indicates the amount of primary products formed during lipid oxidation [40]. After 
preparation of oleogels and storage at refrigeration temperature for 48 h, the first 
measurement of the PV was carried out (0-day storage). Likewise, neat FXO (without any 
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heating) was used as a control sample and it was remained at the same conditions applied for 
oleogels. For GMS:BEW mixtures at 0-day storage, the reduction of wax content resulted in 
higher PV. Conversely, the reduction of GMS amount when dealing with the high melting 
point wax, decreased PV of oleogels. It is noteworthy to mention that with exception of the 
control sample (FXO), all oleogels were reheated before each measurement, however, 
applying a lower temperature than the oleogel preparation temperature (70 °C). 
Despite all the heating stages, oleogels showed the same behavior as FXO, even though 
the oil was not submitted to any thermal stress. Although oleogels were subjected to heating 
during preparation, the samples were quickly transferred to an ice bath just after 
oleogelator(s) solubilization (heat and agitation). The rapid cooling leads to a faster heat 
exchange with the air, preventing the increased oxygen solubilization into samples during 
cooling step [41] and contributed to stability of unsaturated fatty acid chains. On the other 
hand, the three-dimensional network formed was not able to play a physical barrier role in 
order to protect the organic solvent from light and oxygen effects during storage, which would 
increase oleogel stability compared with liquid oil [42]. High peroxide values are usually 
associated with FXO, which is normally susceptible to more pronounced oxidation due to the 
high degree of unsaturation [43]. However, all values were within the limit suggested by the 
Codex Alimentarius (2001) [44] for cold pressed and virgin oils (15 meqO2/kg). Interestingly, 
the oleogelation process (high temperatures applied to solubilize oleogelator(s) apparently did 
not affect the oxidative stability of oleogels. Such behavior shows the oxidative stability of 

















































Figure 7. Peroxide value of flaxseed oil and derived oleogels after 0, 7, 15 and 30 day(s) 
storage at 25 °C. Different letters means statistical difference between all samples for each 
time. 
3. Conclusions 
Waxes with different chemical composition and melting point temperatures (BEW and 
SHW) interacted differently with flaxseed oil combined with a fatty-acid derivative 
oleogelator. BEW chains were able to organize into FXO polyunsaturated (bended) chains 
forming translucent, low melting point and stable (with greater OBC values) gels. However, 
with the reduction of BEW and addition of GMS, the network weakened, indicating that GMS 
may have hindered the crystals organization of BEW in FXO. On the other hand, SHW and 
GMS were not able to impart structure in the FXO at 25 °C. However, interestingly, there was 
a positive interaction between GMS and SHW, which was noted even with small 
incorporation of monoglyceride, but with the best GMS:SHW ratio of 1:1. We hypothesized 
that the polar heads of GMS interacted with the polar moieties of fatty alcohols present in 
SHW (such alcohols are in lower amount in BEW) increasing the affinity of oleogelators. The 
use of FXO was determinant in reaching a proper solubility balance, still preserving the co-
crystallization of crystalline species in GMS/SHW mixture, while GMS/BEW mixture was 
more solubilized. Thus, this study unveiled the importance and contributed in disclosing the 
possibilities in explore different combination of oleogelators in a highly unsaturated oil to 
form systems with tailored textures.  
4. Materials and Methods  
4.1 Material 
Flaxseed oil (FXO) was kindly donated by Farinhas Integrais Cisbra Ltda (Parambi, 
Brazil) (composed mainly of 52.28 ± 0.04 % w/w linolenic acid (C18:3), 21.74 ± 0.11 % w/w 
oleic acid (C18:1) and 13.79 ± 0.02 % w/w linoleic acid (C18:2)). Sunflower Hydrowax 
6607H (SHW, high-melting point: 65-71 °C, mainly comprised of long-chain (C20-C28) fatty 
alcohols and fatty acids, and a small amount of non-hydrolyzed esters) and Berry Wax 6290 
(BW, low-melting point: 48-54 °C, composed by free fatty acids (C16-C18) mostly esterified to a 
glycerol backbone [12]) were kindly provided by from Kahl GmbH & Co, KG (Trittau, 
Germany). Glycerol monostearate (GMS, comprised of saturated long-chain fatty acid (C18) 
esterified to a glycerol backbone [13,45]) (purity > 95.0 %) was purchased from Alfa Aesar 
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(Massachusetts, USA). All other chemical and solvents were of analytical grade and used 
without further purification. 
4.2 Preparation of oleogels 
Monocomponent oleogels from berry wax (GMS0:100BEW), sunflower wax 
(GMS0:100SHW) and monostearate (GMS100) were prepared as control samples. Likewise, 
multicomponent formulations of GMS:SHW and GMS:BEW at different ratios (25:75, 50:50, 
75:25) were manufactured to investigate possible positive interactions between these 
structuring agents. Total oleogelator(s) concentration was fixed at 6 % (w/w) for all 
formulations. Oleogels were prepared by heating oleogelator(s) and FXO mixture at 80 ± 2 
°C, under constant stirring (300 rpm) until a clear solution was obtained. After heating stage, 
all samples were immediately transferred to an ice bath for 30 min. After cooling, samples 
were stored at constant temperature (5 ± 1 °C or 25 ± 1 °C) for at least 48h prior to analyses. 
4.3 Characterization of oleogels 
4.3.1 Rheological measurements 
All rheological measurements were carried out using a stress-controlled rheometer 
Physica MCR 301 (Anton Paar, Graz, Austria) equipped with a Peltier system. Sandblasted 
parallel-plate geometry (Ø= 50 mm), with a roughness of 5–7 μm and gap of 250 μm was 
used. The isothermal measurements were performed at 5 or 25 °C. 
 Strain and frequency sweeps (isothermal measurements) 
Strain sweeps at a constant frequency of 1 Hz were performed to determine the linear 
viscoelastic region (LVR) of oleogels. Then, frequency sweeps (0.01-10 Hz) were carried out 
with a strain value within the LVR. The frequency-dependent behavior of oleogels was 
accessed by recording storage (G’) and loss (G”) moduli as function of frequency. 
 Thixotropy (isothermal measurement) 
The capacity of oleogels to recover viscosity after shear was evaluated by means of 
thixotropic recovery tests. It is an important technological output to foreseen application of 
oleogels in food products. Firstly, samples were allowed to rest for 5 min, after that they were 
subjected to consecutive steps of low (0.1 s
-1
), high (10 s
-1
) and low (0.1 s
-1
) shear rate during 
10, 5 and 10 min, respectively. The viscosity recovery percentage of the oleogels was 
calculated by comparing final viscosity values after both low shear rate steps [29]. 
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 Temperature sweeps (non-isothermal measurements) 
The behavior of the elastic (G') and viscous (G'') moduli was investigated during cooling 
and heating stages, disclosing sol-gel and gel-sol transition, respectively. Temperature ramps 
were performed simulating the gel network formation at a rate of 5 °C.min
-1
, with a fixed 
frequency (1 Hz) and strain value set within LVR. Initially, the equipment was preheated to 
80 °C, and then samples were left isothermally for 1 min, cooled from 80 to 0 °C, maintained 
isothermally for 14 min and heated again to 80 °C. The crossover temperature (G'=G'') during 
cooling was defined as the gelling temperature (Tsol-gel) and at heating stage was considered as 
gel-sol transition temperature (Tgel-sol) [46]. 
4.3.2 Differential scanning calorimetry (DSC) 
The thermal properties of oleogels were evaluated using a differential scanning 
calorimeter, TA Instruments model DSC-2920 (New Castle, USA), with a coupled cooling 
unit (Refrigerated Cooling Systems). Both a hermetic aluminum pan containing the sample 
(5-7 mg) and an empty pan used as reference were placed in the equipment. Samples were 
initially equilibrated at 0 °C, heated to 100 °C (heating step I), kept in isothermal conditions 
for 5 min, then cooled to 0 °C (cooling step), kept in isothermal conditions for 30 min and 
finally heated to 100 °C again (heating step II). Heating and cooling ramps were performed at a 
constant rate of 5 °C.min
-1
. Data were processed by TA Universal Analysis (TA Instruments, 
USA) software defining some properties from thermal curves as crystallization onset 
temperature (TC1, onset) associated with the first crystallization peak and enthalpy corresponding to 
both first (ΔHmI) and second (ΔHmII) heating steps [47]. 
4.3.3 Microstructure 
 Polarized light microscopy (PLM) 
Crystal morphology of mono and multicomponent oleogels were investigated using a 
Polarized Light Microscope (Olympus System Microscope model BX 50, Olympus America 
Inc., Center Valley, USA) equipped with a digital camera (Nikon DS-Ri1, Melville, USA). 
Images were analyzed with NIS-Elements Microscope Image Software (Nikon, Melville, 
USA). A small amount of oleogel was placed in a glass slide and gently covered with a cover 
slip. The following procedure was conducted in order to mimic oleogel preparation 
conditions: i) sample was heated at 80 °C using a hot stage connected to a Linkam T95 
System Controller (Linkam Scientific Instrument Ltd, Surrey, UK); ii) kept in isothermal 
50 
 
conditions for 3 min; iii) cooled to 0 °C at a rate of 5 °C.min
-1
; iv) maintained in isothermal 
conditions for additional 14 min, and finally; v) glass slides were stored for 48 h at 5 °C or 25 
°C before images were taken. 
 Scanning Electron Microscopy (SEM) 
The oleogels were previously deoiled with sequential isopropanol and ethanol washings 
in order to expose and preserve the crystalline oleogelator network [48]. Then, total amount of 
the mixture (oleogel and ethanol) was transferred to a qualitative filter paper (Whatman #1) 
and ethanol was used to wash the sample while removed the remaining oil. Finally, samples 
were dried (approximately 48h) to promote solvent evaporation. All sample preparation steps 
were performed at 5 °C to avoid melting of the crystalline network. The images were taken 
with acceleration voltage of 15 kV with magnification of 600x and 1000x using a scanning 
electron microscope (TM3000, Hitachi, Japan). 
4.3.4 Oil binding capacity (OBC) 
Oil binding capacity was evaluated performing the methodology described by Blake & 
Marangoni (2015) with slight modifications [38]. The accelerated stability test was performed 
by subjecting the oleogel samples to centrifugation at 14,000 rpm (21.8 × 10
3
 g) for 30 min 
using a microcentrifuge (5418 R Eppendorf, Hamburg, Germany). Approximately 1 g of 
freshly prepared oleogel was weighed into 1.5 mL tubes. The centrifugation was carried out 
after oleogels to be stored at 5 or 25 °C during 48h. Subsequently to centrifugation, the 
released oil was drained using qualitative filter paper (Whatman #1) by inverting the tubes for 
30 min. The percentage of OBC was calculated using equation 1 [49]. 
 














where    is the weight of the sample before centrifugation and    is the weight after the 
oil drainage. 
4.3.5 Oxidative stability (OS) 
OS of liquid oil and oleogels was evaluated by determining the peroxide value (PV) at 0, 
7, 15 and 30 days of storage with light and air exposition at room temperature (25 °C) 
(AOCS, 2003). Previously, oleogels were heated to 70 °C until to be completely melted. An 
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aliquot of 5 g of sample, either unheated flaxseed oil or melted oleogel, was weighed, then, 50 
mL of acetic acid-isoctane solution (3:2 v/v) and 0.5 mL of saturated potassium iodide 
solution (144 g of potassium iodide in 100 ml of distilled water) were added. The flask was 
capped and stirred manually for 1 min, afterwards, 30 mL of distilled water, indicator starch 
solution (1% w/v) and 10 drops of lauryl (100 g of lauryl sulfate in 100 mL of distilled water) 
were also incorporated to the mixture. Finally, the sample was titrated with 0.01 N sodium 
thiosulfate solution until the brown color disappeared. The PV value was calculated according 
to Equation 2: 
 
PV (meqO2/kg) = 
A
BxNx100 , (2) 
 
where B is the volume in mL of 0.01 N sodium thiosulphate solution required for 
titration; N is the normality of the sodium thiosulfate solution; and A is the amount of sample 
(g). 
4.4 Statistical analysis 
The experiments were performed in triplicate and results were presented as mean ± 
standard deviation. Statistical differences between treatments were evaluated by analysis of 

















Supplementary Materials:  
Table S1. Mean and standard deviation of dynamic moduli at 1 Hz frequency. 
Oleogel G’ (Pa) G’’(Pa) 
 5 °C 
GMS0:100BEW 15700 ± 1385
b
 1623 ± 122
b
 
GMS25:75BEW 3513 ± 697
c
 552 ± 55
c
 
GMS50:50BEW 2910 ± 612
c
 355 ± 75
c
 
GMS75:25BEW 2487 ± 414
c
 316 ± 108
c
 
GMS100 306000 ± 9899
a
 26100 ± 707
a
 
GMS0:100SHW 237 ± 55 
c
 72 ± 7
c
 
GMS25:75SHW 29600 ± 1198
c
 4270 ± 1924
c
 
GMS50:50SHW 275333 ± 39272
a
 34633 ± 5781
a
 
GMS75:25SHW 116000 ± 12124
b
 16200 ± 1249
b
 
GMS100 306000 ± 9899
a
 26100 ± 707
a
 
 25 °C 
GMS0:100BEW 3006 ± 162
a
 323 ± 8
a
 
GMS25:75BEW 1050 ± 26
b
 139 ± 4
b
 
GMS50:50BEW 249 ± 42
cd
 35 ± 4
d
 
GMS75:25BEW 22 ± 5
d
 7 ± 1
e
 
GMS100 511 ± 21
c
 68 ± 10
c
 
GMS0:100SHW 13 ± 5
d
 8 ± 1
c
 
GMS25:75SHW 10826 ± 2312
b
 1506 ± 356
b
 
GMS50:50SHW 44200 ± 282
a
 6765 ± 7
a
 
GMS75:25SHW 4715 ± 289
c
 588 ± 51
c
 
GMS100 511 ± 21
cd
 68 ± 10
c
 
Different lower case letters mean statistical difference between BEW or SHW formulations at 







Figure S1. Visual appearance of oleogels from berry wax (BEW), sunflower wax (SHW), 
glycerol monostearate (GMS), GMS:BEW (a, b) and GMS:SHW (c, d) in flaxseed oil (FXO) 
after from 48h to 5 °C (a, c) and 25 °C (b, d). GMS:BEW and GMS:SHW ratios of 100:0 (1); 









 G' GMS100- 5 °C
 G'' GMS100- 5 °C
 G' GMS100- 25 °C









Figure S2. Frequency sweep for the control sample GMS100. Solid symbol (G') and open 
symbol (G''). Square symbols are related to data collect at 5 °C and circle symbol at 25 °C. 
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1. CONCLUSÃO GERAL 
Comportamentos distintos foram observados a partir da combinação entre 
monoestearato de glicerol com diferentes ceras. Foi observada interação negativa entre o 
GMS e a cera de berry (baixo ponto de fusão), fato que foi confirmado pela diminuição dos 
valores dos módulos dinâmicos em reologia oscilatória à medida que a cera foi sendo 
gradualmente substituída por GMS nas misturas de oleogelators. Além disso, a microscopia 
de luz polarizada mostrou que a adição do GMS resultou na formação de grandes cristais 
esferulitos dispersos na densa rede cristalina formada pela cera de berry. Dessa forma, 
hipotetiza-se que o GMS impediu a completa organização da rede cristalina desse agente 
estruturante, uma vez que essa cera sozinha foi capaz de reter completamente o óleo de 
linhaça, formando um oleogel translúcido e com boas propriedades mecânicas, com destaque 
para a capacidade de recuperação da viscosidade após cisalhamento.  
Por outro lado, interação positiva foi observada entre o GMS e a cera de girassol 
hidrolisada, visto que, a 25 ºC, ambos precipitaram no solvente orgânico e não formaram 
oleogel. Tal interação foi observada mesmo com a adição de uma pequena quantidade de 
GMS, mas uma proporção GMS:SHW ideal foi encontrada (1:1) para a formação de oleogéis. 
Oleogéis obtidos a partir desta combinação apresentaram altos valores dos módulos dinâmicos 
e alta viscosidade inicial antes de serem submetidos a cisalhamento. A microscopia mostrou 
uma rede formada por diferentes cristais que interagiram impedindo o aparecimento de poros 
e, dessa forma, foram capazes de aprisionar todo o óleo. A análise de DSC mostrou que houve 
a cristalização concomitante desses cristais e, além disso, a temperatura de cristalização foi 
reduzida. Foi hipotetizado que as cabeças polares do GMS foram capazes de se ligar com as 
partes polares dos álcoois graxos presentes na cera de girassol (encontrado em baixa 
quantidade na cera de berry). Assim, essa interação levou ao equilíbrio de solubilidade, uma 
vez que esses gelators interagiram fortemente fazendo com que houvesse ligações fracas com 
a cadeia poli-insaturada do óleo. 
A partir da análise de estabilidade oxidativa, observou-se que mesmo após as 
etapas de aquecimento para a sua produção, os oleogéis apresentaram o mesmo 
comportamento frente à oxidação lipídica do óleo in natura. No entanto, a rede formada não 
agiu como uma barreira para os fatores que levam à oxidação (luz e oxigênio) de modo a 
retardar esse processo, porém também não desencadeou mais processos oxidativos. 
De modo geral, esse trabalho contribuiu para o estudo de sistemas semi-sólidos 
mono e multicomponentes em um óleo poli-insaturado. Oleogéis a partir do óleo de linhaça 
(que já possui propriedades nutricionais) com diferentes texturas e com potenciais finalidades 
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de aplicação (diferentes temperaturas de fusão) foram produzidos. Assim, diferentes tecno-
funcionalidades podem ser exploradas, pois oleogéis de BEW com óleo de linhaça que 
apresentam aspecto translúcido e elevada tixotropia podem ser destinados a uma aplicação 
distinta daqueles formados com GMS:SHW (1:1) que eram opacos e mais duros. 
 
2. SUGESTÕES PARA TRABALHOS FUTUROS 
- Estudar as variáveis do processo na formação dos oleogéis, como por exemplo 
temperatura aplicada, taxa de resfriamento e cisalhamento; 
- Testar maior gama de solventes para o(s) mesmo(s) oleogelator(s) podendo 
avaliar com maior clareza o efeito da polaridade do meio; 
- Testar maior gama de ceras para o(s) mesmo(s) solventes(s) podendo estabelecer 
o efeito das características das diferentes ceras (por exemplo, o ponto de fusão) no balanço de 
solubilidade quando combinadas com o monoestearato; 
- Avaliar a digestibilidade destes géis multicomponentes frente às condições 
simuladas do sistema gastrointestinal (in vitro); 
- Avaliar a influência da incorporação de bioativos nas propriedades do gel bem 
como o impacto das condições do sistema gastrointestinal nos mesmos; 
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